The effect of benzene-1,2-diol (pyrocatechol) and benzene-1,3-diol (resorcinol) on the development of sulfate attack in Portland cement mortars containing alkali-free setting accelerator (aluminum sulfate) was studied. It has been found that these compounds (especially pyrocatechol-due to its ability to form chelate complexes with aluminum ions) restrain destructive deformations of Portland cement mortars with aluminum sulfate admixture when under test conditions a constant supply of sulfate ions from external source is provided. According to 27 Al-MAS NMR data, pyrocatechol does not influence the amount of ettringite formed in Portland cement paste during its store in sodium sulfate solution. Presumably, in presence of benzenediols, in cement mortars with aluminum sulfate admixture the formation of ettringite crystals with a less pronounced destructive effect takes place.
Introduction
In modern formulations of Portland cement based building materials organic compounds are mainly presented as various water-soluble polymers that function as water-reducing, air-entraining, water-retaining and rheological agents [1] . At the same time quite a concern remains regarding low-molecular organic How to cite this paper: Brykov, A., Paritskaya, N., Velichko, A. and Mokeev, M. (2018) compounds in mortar and concrete applications. One of the classes of such compounds is represented by polyatomic phenols, in particular-diatomic phenols, or benzenediols (pyrocatechol, resorcinol, hydroquinone and their derivatives) [2] [3], due to its ability to form complex compounds with metal and silicon ions. Moreover, pyrocatechol (benzene-1,2-diol or 1,2-dihydroxybenzene), which has two hydroxide groups in ortho-position, can act as a bidentate ligand to form strong chelate (cyclic) complexes with central cation.
The relative position of the OH-groups in benzenediols determines their activity to Portland cement: pyrocatechol is known as setting accelerator, resorcinol (benzene-1,3-diol or 1,3-dihydroxybenzene) has no significant effect on setting, hydroquinone (benzene-1,4-diol) has a retarding effect [4] . It was reported in [5] about the ability of pyrocatechol and other aromatic compounds with two hydroxyl groups in ortho-position to reduce setting time of Portland cement pastes, where a miniscule amount of pyrocatechol (0.02 -0.03 mass%) causes almost instantaneous setting.
In [6] [7] wastes of diatomic phenols production (resorcinol, pyrocatechol) have been studied as modifiers of cement mortars and concretes; it has been found that they possess high plasticizing properties with the effect comparable to the efficiency of commercially available superplasticizers. In [8] benzenediols-containing composition to control properties of Portland cement mortars and concretes is patented. Pyrocatechol and hydroquinone are proposed for introduction into clinker-grinding mills for reduction of hexavalent chromium [9] .
Polyatomic phenols are present in a wastewater of oil refineries and coking plants, logging companies, pharmaceutical factories, they also can be found in high content in soils, due to pollution from industrial processing of fossil fuels, or formed by biological processes. The corrosive effect of these compounds on concrete has been discussed in [10] [11] [12] .
Properties of cement compositions with addition of polyatomic phenols are mainly defined by their interaction with aluminum-and iron-containing phases of Portland cement clinker or its additives [5] [13] . Since even trace amounts of polyatomic phenols can cause noticeable effects upon Portland cement properties, this motivates the need for further research in this field. The purpose of the present work is to study influence of two benzenediol's isomers-pyrocatechol and resorcinol-on the development of sulfate attack in Portland cement mortars with aluminum sulfate admixture. Aluminum sulfate is a known alkaline-free setting accelerator, but its use in Portland cement concrete formulations can be obstructed by subsequent development of sulfate attack under favorable conditions [14] .
Experimental Part
In this work, pyrocatechol and resorcinol purified by sublimation were used; at water-to-cement ratio 0.4 (distilled water was used). The admixtures were preliminarily dissolved in mixing water; hydrate water of aluminum sulfate was taken into account to calculate total amount of water.
Effect of admixtures on sulfate resistance of mortars was studied by following the method close to that described in ASTM C 1012 "Length Change of Hydrau- To study influence of benzenediols on the composition of test samples during their storage in sodium sulfate solution a 27 Al-MAS NMR spectroscopy was used. For this purpose specimens of cement pastes were prepared by mixing cement with water at water-to-cement ratio of 0.485; aluminum sulfate (6 wt%) and pyrocatechol (0.05 wt%) were introduced into cement paste by preliminary dissolving in mixing water. The samples of pastes were moulded in the shape of tablets with diameter of 50 mm and thickness of 3 -4 mm. Storage conditions were close to ones for mortar bars-kept for 1 day above water (at relative hu- 
Results and Discussion
An evaluated setting time data of cement paste with admixtures of aluminum sulfate and benzenediols are shown in Table 1 . In early period of hydration, aluminum sulfate and pyrocatechol are involved in accelerated ettringite formation or stimulate its formation; they act as set accelerators for cement pastes:
aluminum sulfate at a dosage of 3% reduces the initial set to 2.5 min (Table 1) ; pyrocatechol, as is known from [5] [13], causes almost instantaneous setting of the cement paste at dosage of 0.02% -0.1%. As is seen from Table 1 , when both aluminum sulfate and pyrocatechol are admixed simultaneously, the accelerating effect remains, but the initial set postpones up to 5 min, which is probably due to Resorcinol is stated [4] to possess no properties to influence setting of Portland cement, however it was observed to increase initial and final set times remarkably when admixed along with aluminum sulfate (Table 1 ). This effect can be explained by resorcinol's ability to form complexes with Al-ions.
The results of sulfate expansion test are shown in Figure 1 .
As is seen on Figure 1 , the linear expansion of control mortar (curve 1) at 16 th week reaches up to about 0.3%; this high rate of expansion is because of use of ordinary (not a sulfate-resisting) Portland cement and is also likely due to high water-to-cement ratio (0.485-in accordance with ASTM C 1012). The highest degree of elongation (about 3.5%) was observed for mortar with aluminum sulfate admixture (curve 4) which indicates an intensive ettringite formation in mortar samples of such composition during their storage in sodium sulfate solution. These results correspond well with the previously published data [13] . According to the data obtained, the presence of 0.05% resorcinol and pyrocatechol in samples containing aluminum sulfate (curves 5 and 7) decreases mortar expansion rate, for pyrocatechol-all the way down to that of the reference sample.
The effect of pyrocatechol on deformation is still significant enough even when its dosage is reduced to 0.02% (curve 6) while resorcinol is less efficient, which is again most likely due to its inability to form chelates with aluminum ions. It may also be noted that the expansion curves of resorcinol (curve 2) and pyrocatechol (curve 3) mortars in absence of aluminum sulfate go in close proximity to the reference mortar (curve 1), yet both lay somewhat higher. Therefore, pyrocatechol and resorcinol are both capable to countervail partially or completely the destructive effect of aluminum sulfate, while in absence of the latter they do not seem to inhibit sulfate expansion of ordinary Portland cement on their own, but even promote mortar bars deformations slightly. This could probably be explained by polyatomic phenols exerting a leaching effect on components of C-S-H gel, which thereby increases porosity of mortars (most noticeable for pyrocatechol). It can be concluded hence that when presented together (in certain ratios) an aluminum sulfate and polyatomic phenols can extinguish each other harmful effect on cement pastes or mortars. As can be seen from Figure 3 , the most significant differences in the spectra are due to the presence of aluminum sulfate and only to a small extent-to the presence of pyrocatechol. Thus, at the age of 7 days (Figure 3, a) , After prolonged underwater storage, the content of ettringite in cement paste samples is reduced due to its gradual conversion to calcium monosulfoaluminate ( Figure 3, d ). When stored in sodium sulfate solution, the ettringite formation in samples is recommenced and its content increases over time ( Figure 3 , b, c).
As it is being noted before, the amount of ettringite in samples with aluminum sulfate substantially exceeds the amount of ettringite in samples without it. In contrast to these differences, the effect of pyrocatechol seems to be unimportant and has no effect on samples elongation, although it should be noted that in its presence the amount of ettringite is reduced slightly in all samples. Thus, to explain the mitigation effect of pyrocatechol, other causes should be sought rather than based on differences in delayed ettringite content. An intensive formation of delayed ettringite in mortars with aluminum sulfate is not followed by excessive deformations and cracks formation in case enough pyrocatechol is presented in mortar formulation. Al-MAS NMR spectra of cement pastes: a-at the age of 7 days (1 day-wet storage, 6 days-water storage); b, c-stored in sodium sulfate solution for 1 and 2 months, respectively; d-stored in water for 2 months (excluding first 7 days); 1-pure cement paste; 2-4-with admixtures of pyrocatechol, aluminum sulfate, pyrocatechol and aluminum sulfate together, respectively. The x-axis is the chemical shift δ, ppm. ("iron-substituted" ettringite), which is believed not to cause significant internal stresses due to its structural features [18] . The ettringite morphology can be affected by some organic functional additives, for example, by polymeric plasticizers [19] . This action of organic additives is associated primarily with sorption phenomena: selective sorption of organic molecules on certain surfaces of crystal nuclei regulates the preferential growth of crystals in specified directions. Under these circumstances, it can be assumed that polyatomic phenols, and especially those with OH-groups in ortho-position (as in case of pyrocatechol), have the ability to influence the growth of ettringite crystals. It is possible that the formation of strong chelate complexes between aluminum ions and polyatomic phenol molecules is of crucial significance. To prove this assumption additional studies required.
Conclusions
1) Benzenediols, and, notedly, pyrocatechol, inhibit propagation of destructive deformations of Portland cement mortar compositions with aluminum sulfate in case of additional intake of sulfate ions from the environment.
2) According to 27 Al-MAS NMR data, pyrocatechol does not affect significantly the amount of ettringite formed during storage of samples in sodium sulfate solution.
3) Presumably, the ability of polyatomic phenols to suppress sulfate expansion of Portland cement mortars with aluminum sulfate admixtures is due to their impact on the ettringite crystallization which leads to the formation of ettringite that possess less destructive properties. To prove this assumption additional studies are required.
4) Pyrocatechol and resorcinol that are capable to countervail partially or completely the destructive effect of aluminum sulfate, in the absence of the latter slightly increase the development of deformations, which is due to the ability of polyatomic phenols to leach the components of the C-S-H which increases samples porosity. When aluminum sulfate and polyatomic phenols are introduced together (at certain ratios) into mortars, their destructive effects can be mutually compensated.
